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Abstract: The monitoring of vine water status is of interest for irrigation management in order to
improve water use while optimizing both berry yield and quality. Remote-sensing techniques might
provide accurate, rapid, and non-destructive estimates of vine water status. The objective of this study
was to test the capability of the reflectance-based water index (WI) and the photochemical reflectance
index (PRI) to characterize Vitis vinifera L. cv. Xarel·lo water status under mild to moderate water
deficits. The study was conducted at the leaf level in irrigated potted plants and at the plant level on
five commercial rain-fed vineyards in 2009 and 2010. In potted plants, the reflectance indices PRI and
WI closely tracked variation in the leaf-to-air temperature difference (∆T) with r2 = 0.81 and r2 = 0.83,
for WI and PRI, respectively (p < 0.01). In addition, in potted plants, both PRI and WI showed
significant relationships with light-use efficiency (LUE)—calculated as the ratio between net CO2
assimilation rate (An) and incident photosynthetic active radiation (PAR) at the leaf surface—with
r2 = 0.92 and r2 = 0.74 for PRI and WI, respectively. At the canopy level, vine predawn water
potential (Ψpd) was related to the canopy-to-air temperature difference (∆Tm) across years (r2 = 0.37,
p < 0.05). In the years of study, the relationships between PRI and WI showed variable degrees of
correlation against Ψpd and ∆Tm. Across years, PRI and WI showed significant relationships with
Ψpd, with r2 = 0.41 and r2 = 0.37 (p < 0.01), for WI and PRI, respectively. Indices formulated to account
for variation in canopy structure (i.e., PRInorm and WInorm) showed similar degrees of correlation
against Ψpd to their original formulations. In addition, PRI and WI were capable of differentiating
(p < 0.01) between mild (Ψpd > −0.4 MPa) and moderate (Ψpd < −0.4 MPa) water deficits, and a
similar response was observed when PRInorm and WInorm—formulated to account for variation in
canopy structure—were considered. Thus, at the leaf level, our result suggest that WI and PRI
can be used to adequately predict the diurnal dynamics of stomatal aperture and transpiration. In
addition, at the canopy level, PRI and WI effectively differentiated vines under mild water deficits
from those experiencing moderate water deficits. Thus, our results show the capability of WI and PRI
in characterizing vine water status under mild to moderate water deficits.
Keywords: predawn water potential; PRI; remote sensing; vineyards; water status; WI
1. Introduction
Water deficits are the major constraint for grape production in the Mediterranean region [1], and
future scenarios predict further increases in the frequency and intensity of water deficits as a result
of climate change [2]. As a result, irrigation is being widely adopted in order to secure more regular
and predictable yields [1,3,4]. Concurrently, and due to the increasing water scarcity, as well as the
rising competition between water users, deficit irrigation techniques emerged as a potential strategy to
improve the productivity of water [5]. Particularly, in viticulture areas, the use of regulated deficit
irrigation strategies emerged as a way of reducing water use with little or no impact on yield and a
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positive impact on berry quality [1,3,6]. In regulated deficit irrigation strategies, plant water status
is maintained within predefined limits of deficit during certain phases of the seasonal development,
normally when fruit growth is least sensitive to water reductions [5]. Thus, in order to guarantee the
success of the use of this technique, an accurate control of plant water status is required for scheduling
irrigation. Several physiological indicators are used to assess plant water status, with leaf water
potential, stem water potential, stomatal conductance, and transpiration being the most widely used
in viticulture [4,7,8]. However, measurement of these water stress indicators for practical irrigation
scheduling is labor-intensive and time-consuming due to the large number of observations necessary to
characterize the spatial variability. As an alternative, remote-sensing techniques might be a very useful
tool to monitor vine water status because of opportunities for cost-effective generation of spatial data.
Remote-sensing methods based on thermal emission to monitor plant water status were extensively
evaluated in field trials. In vineyards, infrared thermometry and thermal imaging were shown to provide
reasonable estimations of whole-canopy conductance [8,9] and plant water potential in grapevines [10].
However, largely due to the effects of environmental conditions on canopy temperature [11], the
practical application of thermal methods to irrigation scheduling is currently limited to regions
with very constant (semi-)arid weather conditions during the growth season [11]. In addition, since
grapevine cultivars present, in terms of stomatal control and water potential regulation, contrasted
responses to water deficits [2], temperature-based indicators might not always properly characterize
vine water status [12]. Reflectance-based indices might also provide direct or indirect estimates
on vine water status. Previous studies showed the capability of reflectance indices based on water
absorption features in assessing vine water status [13–15]. Particularly, the reflectance-based water
index (WI) [16] was shown to track diurnal changes in stomatal conductance in irrigated vines, as
well as in the canopy-to-air temperature difference in vineyards experiencing moderate to severe
water stress [13]. Similarly, several studies showed the capability of the photochemical reflectance
index (PRI) [17,18]—an index related to the epoxidation state of xanthophyll pigments and, thus,
to photosynthetic efficiency—at detecting water stress in fruit trees grown using regulated deficit
irrigation techniques [19,20] and in vineyards [12]. However, both WI and PRI are sensitive to changes
in canopy structure [21,22], which might impair their capacity to assess vine water status under
contrasted growing conditions (environmental), including cultural practices such as fertilization and
pruning methods. Thus, because water content of vegetation depends on both leaf area and relative
water content [22,23], changes in canopy structure might impair the capacity of the WI to assess
vine water status. Similarly, PRI estimates of plant water status might be affected by changes in the
size of constitutive pigments pools (i.e., chlorophyll and carotenoid)—which control the facultative
short-term variation in PRI—as well as by changes in canopy structure [24,25]. Approaches to overcome
these confounding effects consist of combining the primary index (i.e., WI or PRI) with indices of
canopy structure—such as the normalized difference vegetation index (NDVI) (20,23)—or including
specific bands on their formulation [12,20] that account for the effects of varying leaf area and/or
pigment content.
We herein explore the capability of the reflectance indices PRI and WI as a proxy to assess vine
water status under mild to moderate water deficits in Vitis vinifera L. cv. Xarel·lo. The specific objectives
were (i) to evaluate the performance of WI and PRI in estimating physiological parameters related to
water status at the leaf level on potted irrigated vines; (ii) to assess the capability of WI and PRI, as well
as their normalized formulations, in estimating vine water status in field-grown vines experiencing
mild to moderate water deficits; and (iii) to evaluate the capability of WI and PRI in differentiating
mild from moderate water deficits levels in field-grown vines.
Agronomy 2019, 9, 346 3 of 16
2. Materials and Methods
2.1. Leaf Level Study
Three-year-old Vitis vinifera L. cv. Xarel·lo grafted on 110R (V. berlandieri × V. rupestris) vines
were grown in 17 L pots filled with a mixture of sand and peat turf (1:1, v/v). Vines were grown in a
greenhouse and were watered daily with 0.67 L·plant−1 of water. In addition, once a week, 1 L·plant−1
of a full Hoagland solution was provided. During the growth period, all the lateral shoots, buds, and
young flowers were removed in order to leave only the winter buds and leaves.
A diurnal cycle of gas exchange and reflectance measurements was carried out on 27 July 2010,
approximately every two hours. Vines were placed outside the greenhouse in order to register
measurements under direct sunlight. Data acquisition started at dawn (5:30 a.m. solar time) and
finished late in the afternoon (7:30 p.m. solar time). Two fully expanded leaves of four vines were
measured (eight leaves). Gas exchange parameters were measured with a portable gas exchange
system CIRAS-2 (PP Systems Ltd., Havervill, MA, USA) under current air temperature and humidity,
and leaf cuvette (Automatic Leaf Universal Cuvette, PLC6) CO2 concentration was set to ~400 ppm
using a CO2 cartridge. The leaf cuvette had an aperture of 25 mm × 7 mm and was held to keep the
leaves in their natural positions. Air vapor pressure deficit (VPD), air temperature (Ta), photosynthetic
photon flux density incident on the leaf (PPFDi), net CO2 assimilation rate (An), transpiration rate (E),
stomatal conductance (gs), and leaf temperature (Tl) were averaged among the eight observations to
represent the mean value at the measuring time. Light-use efficiency (LUE) was calculated as the ratio
between An and PPFDi.
Leaf reflectance was measured using a spectroradiometer UNISPEC (PP Systems Ltd., Havervill,
MA, USA) with a 2.3-mm-diameter bifurcated fiber optic and a leaf clip (models UNI410 and UNI501, PP
Systems, Havervill). The detector samples 256 bands at roughly even intervals (average band-to-band
spacing of 3.3 nm) within a 400–1100-nm effective spectral range. Each leaf scan resulted from the
average of three internal measurements. Apparent reflectance was obtained after standardization by a
Spectralon reflectance standard measured before each cycle. Afterward, the water index (Equation
(1)) [16] and the photochemical reflectance index (Equation (2)) [17,18] were formulated as follows:
WI = R900/R970, (1)
PRI = (R531 − R570)/(R531 + R570), (2)
where R indicates spectral reflectance, and the subindices indicate the respective wavelengths
in nanometers.
Vine water status was determined using a Scholander pressure chamber (Soilmoisture 3005, Soil
Moisture Corp., Santa Barbara, CA, USA). At 5:30 a.m. (dawn), four leaves (i.e., one leaf per vine),
which were previously wrapped in a plastic bag and covered with aluminum foil the evening before,
were used to determine vine predawn water potential (Ψpd). Leaves subjected to the same coverage
were used to measure stem water potential (Ψs) at midday (solar noon). In addition, leaf water potential
was determined at midday (Ψm).
2.2. Field Study
The field study took place in 2009 and 2010 in five Vitis vinifera L. cv. Xarel·lo rain-fed vineyards
(plantation years between 1989 and 1998) located in the west area of Barcelona (Alt Penedès and Anoia
counties, 1◦48’22” west (W), 41◦28’54” north (N)). Vines were planted at varying density (2016 to
3086 stock·ha−1) and the training system was Double Royat. In each vineyard, three plots (with three
adjacent vines per plot) with contrasting vigor were studied. Nonetheless, in order to evaluate the
capability of reflectance indices in assessing vine water status under mild to moderate water deficits,
only plots with average values of Ψpd > −0.6 MPa were considered. Thus, the study comprised 14
plots in 2009 and 12 plots in 2010. Weather data were obtained from a nearby weather station located
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in Els Hostalets de Pierola (1◦48’31” W; 41◦31’59” N). The average temperature is around 15 ◦C, while
the average cumulative annual precipitation is 479.2 mm. The weather water balance was computed
as the difference between precipitation (P) and reference evapotranspiration (ET0). Veraison took place
between 31 July and 4 August in 2009 and from 10 August until 18 August in 2010.
Predawn water potential (Ψpd) was measured at veraison using a pressure chamber (Soilmosture
3005, Soil Moisture Corp., Santa Barbara, CA, USA). Measurements were carried out on a single mature
external leaf per vine (three per plot). Additionally, the canopy-to-air temperature difference (∆Tm) was
measured at midday using a hand-held infrared thermometer (ST Pro Plus, Raytek Corp., Santa Cruz,
CA, USA) at approximately 20 cm of the canopy. Measurements were taken on both the sun-exposed
and the shaded sides of the canopy, and ∆Tm was computed as the average of these two measurements.
Fractional intercepted photosynthetic active radiation (fIPAR) was measured at midday using a
hand-held ceptometer (Accupar, Decagon Devices Inc., Pullman, WA, USA). Seven measurements,
parallel and perpendicular to the row of the vine, were collected at 10 cm of ground level. Incident
light radiation was registered above the canopy. In 2010, fIPAR measurements were carried out only in
eight blocks due to a failure of the instrument. In addition, exposed leaf area (ELA) was determined
using the procedure proposed by Smart and Robinson [26] as follows:
ELA = (2 h + e) × (100 − T) × d,
where e is the mean of three measures of canopy width, h is the mean of three measures of canopy
height, T is the percent canopy gaps, and d is the distance between vines in the same row. Values
of fIPAR in the remaining plots in 2010 were estimated from the regression of fIPAR against ELA as
follows:
fIPAR = 41.37 + 12.14 × ELA (r2 = 0.86, p < 0.01).
Reflectance data measurements were conducted at midday (solar noon) on cloudless days in order
to minimize variation due to differences in illumination conditions at the stage of veraison. Spectral
data were collected using a narrow-band spectroradiometer (UNISPEC, PP Systems Ltd., Havervill,
MA, USA), which works in a wavelength range between 310 and 1100 nm (visible and near-infrared),
with a resolution of 3.3 nm. Irradiance was measured by connecting the spectroradiometer to
a cosine-corrected detector lens (UNI-685 PP Systems Ltd., Havervill, MA, USA) mounted on a
tripod boom and oriented to the sky above the canopy. Canopy radiance was obtained with the
spectroradiometer connected to a 12◦ field-of-view foreoptic (UNI-710, PP Systems Ltd., Havervill,
MA, USA) via a 2.3-mm-diameter fiber optic (model UNI410, PP Systems, Havervill, MA, USA). The
foreoptic instrument was mounted on a tripod boom and held on a nadir orientation 0.75 m above the
canopy, so that the field of view covered an area of ~15 cm in diameter. Three scans were collected
and internally averaged for each vine. Apparent reflectance was calculated as the ratio between
radiance and irradiance. The normalized difference vegetation index (NDVI), the photochemical
reflectance index (PRI) [17], the water index (WI), the normalized WI (WInorm) [16], the normalized
PRI (PRInorm) [12], and the structural independent pigment index (SIPI) [27] were calculated using
narrow-band apparent reflectance values as follows:
NDVI = (R900 − R680)/(R900 + R680),
PRI = (R531 − R570)/(R531 + R570),
WI = R900/R970,
WInorm = WI/NDVI,
PRInorm = PRI/(((R800 − R670)/(R800 +R670)0.5) × R700/R670),
SIPI = (R800 − R445)/(R800 − R680),
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where R indicates apparent reflectance, and the subindices indicate the respective wavelengths in
nanometers.
2.3. Statistical Analyses
Statistical analyses were carried out using the statistical package SPSS 25.0 (SPSS Inc., Chicago, IL,
USA). In the leaf level study, analyses of variance (ANOVA) were carried out to assess the changes
in gas exchange parameters and reflectance indices throughout the day (i.e., time of sampling as a
source of variation). In addition, Pearson correlation analyses were used to study the relationships
between water status, gas exchange parameters, and reflectance indices. In the field study, differences
in the variables studied were determined using ANOVA analyses while considering both year and
water deficit level as sources of variation. Means were compared using the Student–Knewman–Keuls
test, and the relationships among the canopy variables and reflectance data were studied by Pearson
correlation analysis.
3. Results
3.1. Leaf Level Study
3.1.1. Environmental Conditions
The air temperature (Ta) and vapor pressure deficit (VPD) were typical of Mediterranean summer
conditions and were characterized by a gradual increase until midday/early afternoon, followed by
a gradual decrease until the end of the diurnal cycle (data not shown). During the measurement
period, minimum and maximum temperatures were 24.1 ◦C and 32.7 ◦C, respectively, whereas vapor
pressure deficit ranged between 1.27 kPa and 2.83 kPa. Similarly, incident photosynthetic photon
flux density at the leaf surface (PPFDi) showed a gradual increase from early morning until early
afternoon and decreased afterward. Incident PAR on the leaf surface ranged between 60 µmol·m−2·s−1
and 1025 µmol·m−2·s−1 during the diurnal cycle (Figure 1).
3.1.2. Water Potential
Predawn water potential (Ψpd) ranged between −0.30 MPa and −0.35 MPa among plants with an
average value of −0.33 ± 0.02 MPa (average ± standard error of the mean), whereas values of Ψs and
Ψm were −0.49 ± 0.20 MPa and −1.00 ± 0.05 MPa, respectively.
3.1.3. Gas Exchange and Reflectance Indices
Diurnal courses of environmental conditions, gas exchange, and reflectance indices are shown
in Figure 1. Net photosynthesis (An) showed a peak early in the morning, while it decreased in the
central hours of the day, and further decreased again in the afternoon. Nonetheless, An did not show
significant variation (p > 0.05) throughout the diurnal cycle with an average value of 2.37 ± 0.33 µmol
CO2·m−2·s−1.
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Figure 1. Diurnal time course of (a) photosynthetic photon flux density incident on the leaf (PPFDi), 
(b) net photosynthesis (An), (c) stomatal conductance (gs), (d) transpiration rate (E), (e) leaf-to-air 
vapor pressure deficit (VPD), (f) photochemical reflectance index (PRI), (g) water index (WI), and (h) 































































































































Figure 1. Diurnal time course of (a) photosynthetic photon flux density incident on the leaf (PPFDi),
(b) net photosynthesis (An), (c) stomatal conductance (gs), (d) transpiration rate (E), (e) leaf-to-air
vapor pressure deficit (VPD), (f) photochemical reflectance index (PRI), (g) water index (WI), and (h)
leaf-to-air temperature difference (∆T). Values are means ± standard errors of the mean (n = 8).
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In contrast, stomatal conductance (gs) significantly decreased (p < 0.01) throughout the
diurnal cycle from early morning (143 ± 11.4 mmol H2O·m−2·s−1) to sundown (70 ± 6.3 mmol
H2O·m−2·s−1). Transpiration rate (E) steadily increased throughout the day, reaching a peak in the
early afternoon (2.47 ± 0.19 mmol H2O·m−2·s−1) and significantly decreasing afterward. Similarly, ∆T
varied significantly (p < 0.01) throughout the day, increasing from early morning until mid-afternoon
(with a peak value of 0.65 ± 0.31 ◦C) and decreasing afterward. The narrow-band indices WI and
PRI significantly varied throughout the diurnal cycle (p < 0.01). Both, WI and PRI showed a gradual
decrease from early morning to early afternoon and increased again toward the end of the diurnal
cycle (Figure 1).
Gas exchange parameters (i.e., An, E, and gs) were not significantly correlated. Nonetheless, E
was found to be closely related to VPD (r = 0.85, p < 0.01), whereas An was related to PPFDi, although
to a lesser extent (r = 0.63; p < 0.10). In addition, there was no significant correlation between either
WI or PRI and gas exchange parameters (Table 1). Both PRI and WI showed significant correlation
(p < 0.01) with light-use efficiency (LUE)—calculated as the ratio between An and incident PPFD at the
leaf surface—with r = 0.96 and r = 0.86, for PRI and WI, respectively. In addition, PRI and WI were
significantly correlated (p < 0.01) with ∆T, with r = −0.92 and r = −0.90, for PRI and WI, respectively
(Figure 2).
Table 1. Correlation coefficients between leaf-to-air temperature difference (∆T), stomatal conductance
(gs), transpiration (E), net photosynthesis (An), and light-use efficiency (LUE) and the reflectance
indices, water index (WI) and photochemical reflectance index (PRI). Data are for average values at
each sampling time (n = 8). Significant correlations at the 0.01 (**) level are indicated.
PRI WI
∆T (◦C) −0.92 ** −0.90 **
gs (mmol H2O·m−2·s−1) 0.44 0.45
E (mmol H2O·m−2·s−1) −0.61 −0.43
An (µmol CO2·m−2·s−1) −0.31 0.01
LUE (µmol CO2·µmol photon−1) 0.96 ** 0.86 **
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Figure 2. Relationship between the leaf-to-air temperature difference (ΔT) measured at the leaf level 
in Xarel·lo potted plants with (a) water index (WI) and (b) photochemical reflectance index (PRI). 
Values are the means ± standard errors of the mean (n = 8) measured at different hours throughout 
the day. 
3.2. Field Study 
























Figure 2. Relationship between the leaf-to-air temperature difference (∆T) measured at the leaf level in
Xarel·lo potted plants with (a) water index (WI) and (b) photochemical reflectance index (PRI). Values
are the means ± standard errors of the mean (n = 8) measured at different hours throughout the day.
3.2. Field Study
3.2.1. Weather Conditions
Temperatures in the years of study were similar to the long-term average, whereas precipitation
was characterized by an increase of 30% over the long-term precipitation average (479.2 mm) (Figure 3).
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In addition, according to the weather water balance, there was abundant water availability over the
period of study, except in summer when water deficits had a larger incidence.
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Figure 3. Monthly mean air temperature, precipitation (P) (dark columns), and reference
evapotranspiration (ET0) (white columns) at the experimental site in years 2009 and 2010. Data
are from the meteorological station of Els Hostalets de Pierola (1◦48’31” west (W), 41◦31’59” north (N)).
3.2.2. Vine Water Status
Predawn water potential ranged from −0.18 MPa to −0.48 MPa among vines with an average
value of −0.34 ± 0.03 MPa in 2009, whereas, in 2010, Ψpd varied from −0.27 MPa to −0.56 MPa with
an average value of −0. 0.03 MPa. In addition, ∆Tm ranged from −4.85 ◦ to −1.08 ◦C among
vines with an r e value of −2.38 ± 0.29 ◦C in 2009, whereas, in 2010, ∆Tm varied from −4.10 ◦C to
0.33 ◦C with an average value of −1.75 ± 0.46 ◦C. In 2010, plot average values of ∆Tm and Ψpd were
significantly related (r = −0.74, p < 0.01), whereas no significant correlation emerged in 2009 (r = −0.35,
p = 0.26). However, in 2009, when ∆Tm temperatures acquired under partially overcast conditions
were disregarded, ∆Tm and Ψp were found to be significantly related (r = −0.69, p < 0.05). Moreover,
when only data acqui ed under clear-sky conditio s were considered, a unique relationship between
∆Tm and Ψpd emerged across years with r2 = 0.37 and p < 0.05 (Figure 4).
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3.2.3. Relationships between Reflectance Indices and Vine Vigor and Water Status
In the years of study, there were no significant relationships between the reflectance indices
(NDVI, WI, and PRI) and fIPAR, except in 2009 when WI was negatively related with fIPAR (r = −0.61,
p < 0.05), while these reflectance indices showed variable degrees of correlation with vine water status
parameters (Table 2). In 2009, PRI and PRInorm showed significant and similar correlation with Ψpd
(r = 0.76), whereas these correlations were not significant in 2010. Similarly, in 2009, WI and WInorm
were significantly related to Ψpd (r = −0.69), whereas no significant correlations emerged in 2010.
Table 2. Correlation coefficients between predawn water potential (Ψpd), canopy-to-air temperature
difference at midday (∆Tm), and reflectance indices. Data are averaged values per plot (n = 14 in 2009,
except for ∆Tm where n = 8; and n = 12 in 2010). Significant correlations at the 0.05 (*) and 0.01 (**)
level are indicated. NDVI—normalized difference vegetation index.
2009 2010 2009 and 2010
Ψpd (MPa) ∆Tm (◦C) Ψpd (MPa) ∆Tm (◦C) Ψpd (MPa) ∆Tm (◦C)
NDVI 0.32 0.84 ** 0.19 −0.44 0.09 0.23
PRI 0.76 ** 0.48 0.51 −0.60 * 0.59 ** −0.51 *
WI −0.69 ** 0.19 −0.51 0.53 −0.64 ** 0.49 *
PRInorm 0.76 ** 0.58 0.57 −0.75 ** 0.63 ** −0.56 *
WInorm −0.68 ** −0.81 ** −0.53 0.65 * −0.60 ** 0.21
In addition, in 2009, the relationships between PRI and WI and ∆Tm were either not significant or
not consistent, probably due to the small sample size, and were not considered to any further extent.
Contrastingly, in 2010, PRI and PRInorm were significantly related to ∆Tm with r = −0.60 (p < 0.05) and
r = −0.75 (p < 0.01), for PRI and PRInorm, respectively. Similarly, in 2010, WI was marginally related to
∆Tm (r = 0.53, p < 0.10), whereas the correlation between WInorm and ∆Tm was significant (r = 0.65,
p < 0.05). When data from both years were pooled, PRI and WI were significantly (p < 0.05) related to
∆Tm (Table 2). Similarly, both WI and PRI were significantly related to Ψpd (p < 0.01) across years with
r2 = 0.41 and r2 = 0.37 (p < 0.01), for WI and PRI, respectively (Figure 5). In addition, the relationship
between Ψpd and PRI increased when PRI was normalized by canopy structure (i.e., PRInorm) with
r2 = 0.41 (p < 0.01). In contrast, WInorm was found to be related to Ψpd to a lesser extent than WI with
r2 = 0.36 (p < 0.01).
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Figure 5. Relationships between preda n water potential (Ψp ) and the reflectance indices (a) water
index (WI), (b) normalized water index (WInorm), (c) photochemical reflectance index (PRI), and (d)
normalized photochemical reflectance index (PRInorm) in Xarel·lo vines. Pooled data for 2009 (n = 14)
and 2010 (n = 12).
To further assess the capability of PRI and WI in detecting vine water status, data were
grouped according to the water deficit level as defined by Carbonneau et al. [28]. Thus, we
considered Ψpd > −0.2 MPa as no water deficit, −0.2 MPa < Ψpd < −0.4 MPa as mild water stress, and
Ψpd < −0.6 MPa as moderate water stress. Since there were no significant differences in Ψp between
no water deficit and mild water stress, data were pooled into a unique group (i.e., mild water deficit).
Therefore, we examined two conditions, namely mild (Ψpd <−0.4 MPa) and moderate (Ψpd >−0.4 MPa)
water deficits. In 2009, Ψpd values showed significant differences (p < 0.01) between water deficit levels
with average values of −0.24 ± 0.04 MPa and −0.42 ± 0.01 MPa for mild and moderate water deficits,
respectively. Similarly, in 2010, Ψpd significantly differed (p < 0.01) with Ψpd = −0.31 ± 0.02 MPa and
Ψpd = −0.50 ± 0.02 MPa, for mild and moderate water deficits, respectively. Consistently, WI and
PRI, as well as their respective normalized formulations (i.e., WInorm and PRInorm), showed significant
differences between mild and moderate water deficits in the years of study (Figure 6). Differences in
WI between mild and moderate water deficits were larger in 2009 (p < 0.01) than in 2010 (p < 0.05), and
a similar response was observed for WInorm (for more details, see Table S1, Supplementary Materials).
In 2009, PRI significantly decreased (p < 0.01) from 0.031 ± 0.008 to −0.012 ± 0.005 between mild
and moderate water deficits, and a similar response was observed in 2010, although less significant
(p < 0.05). In addition, PRInorm significantly differed (p < 0.05) between mild and moderate water
deficit levels in the years of study.
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4. Discussion
4.1. Leaf Level Study
Values of Ψpd and Ψs in potted plants indicated that vines were subject to mild to moderate water
stress [28]. In spite of ample water availability, stomatal conductance (gs) decreased, particularly at
central hours of the day under high air vapor pressure deficits (i.e., VPD > 2.0 kPa), as indicated
by the lose dependence of stomatal co uctance on the leaf-to-air VPD (r = −0.95, p < 0.01, n = 5).
Similarly, we observed that variati n in E during the diurnal cycl was mainly driven by changes in
VPD (r = 0.85, p < 0.01, n = 8) rat er than changes in stomatal regul tion. Previous studies reported a
decline in stomatal conductance associated with high vapor pressure deficits even in well-watered
vines [29], which results from an imbalance between water loss through evapotranspiration and
water flow into the leaf [3,30]. In turn, at central hours of the day, when the photosynthetic rate
was not light-limited, An was largely determined by stomatal conductance (r = 0.99, p < 0.01, n = 5).
Indeed, under high temperature and VPD deficits, such as those experienced in the summer in
Mediterranean environments, a midday depression of both An and gs was observed in agreement with
previous studies [13,31,32]. Thus, stomatal conductance was particularly sensitive to developing water
deficits [32]. The gs values were within the range reported for potted plants at similar Ψpd [6,13] and in
field studies [33] and, on average, similar to those of vines experiencing moderate water deficits [34,35].
Therefore, it appears that, in Xarel·lo vines experiencing mild to moderate water deficits, stomatal
condu ance ight be a good indicator of vine water status and could potentially provide a tool for
irrigation scheduling [36].
Previous tudies sho e t itivity of PRI for crop water stress detecti n over diurnal and
short time scales [12,19,37]. In our study, the PRI accounted for 92% variation in photosynthetic
light-use efficiency (LUE) and 85% variation in ∆T, which agrees with the close coordination correlation
observed among gas exchange parameters described above. Therefore, under the conditions of the
study, PRI closely tracked diurnal changes in LUE in Xarel·lo vines. These results add to previous
studies which showed the capability of PRI in estimating photosynthetic-related parameters across a
wide range of water status [17,18,27,37–39], supporting the hypothesis that PRI could be a feasible
indicator of plant physiological status under mild to moderate water deficits [19,20].
In addition, previous studies showed the capability of WI in tracking variation in stomatal
aperture [13,16,40]. However, in the present study, WI was poorly related to gs, although it was a good
indicator of changes in transpiration as suggested by the close correlation ith ∆T. This is consistent
with the fact that, in our study, variations in transpiration rates were mainly driven by changes in
VPD rather than by changes in gs. Moreover, WI closely tracked changes in LUE, which might be
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attributed to the close dependence of net CO2 uptake on gs observed in our study. Thus, our results
add to previous studies conducted in vines [13] by showing that WI effectively tracked changes in the
leaf-to-air temperature difference in Xarel·lo vines experiencing mild to moderate water deficits.
4.2. Field Study
In the years of study, Ψpd values were similar to those reported in vines grown under deficit
irrigation programs [41–43] and indicated that, at veraison, water stress was mild to moderate [28].
Under these conditions, PRI was related to Ψpd as previously reported in vineyards experiencing
mild to moderate water deficits [44,45]. In addition, in our study, a negative relationship emerged
between WI and Ψpd, indicating that enhanced water status (i.e., increases in Ψpd) resulted in decreased
water content at midday (i.e., decreases in WI). This is consistent with the observed relationship
between Ψpd and ∆Tm (Figure 4) and suggests that higher Ψpd was presumably accompanied by higher
transpiration rates at midday [36]. Indeed, in grapevines experiencing mild to moderate water deficits,
as those occurring in our study or under deficit irrigation programs, Ψpd is highly related to water
potential and stomatal conductance measured at midday [12,43,46,47]. In addition, in our study, WI
decreased as PRI increased (r = −0.66, p < 0.01), indicating that enhanced water loss (lower WI) was
accompanied by increased carbon assimilation (higher PRI), which agrees with the tight dependence
of leaf photosynthesis on stomatal conductance previously reported in grapevines experiencing mild
to moderate water deficits [3,32,48]. Thus, both PRI and WI were feasible indicators of Ψpd under mild
to moderate water deficits, whereas, in grapevines experiencing moderate to severe water stress, PRI
and WI failed to estimate Ψpd [13,45]. These contrasting results might be reconciled by considering
the effects of the intensity and duration of water deficits on stomatal responses [3]. In grapevines
experiencing prolonged soil water deficits, Ψpd may not necessarily reflect the plant’s water status
later in the day since changes in cell-wall elasticity and osmotic adjustment might dictate different
responses in midday water potential [48]. Increases in cell-wall elasticity lead to a larger decline in
plant water potential at midday, whereas osmotic adjustment may contribute to the maintenance of
open stomata at lower water potentials [3]. These responses might partly explain the lack of correlation
between reflectance indices acquired at midday (i.e., PRI and WI) and Ψpd previously reported in
rain-fed vineyards experiencing prolonged and severe soil water deficits [13,45]. In addition, prolonged
soil water deficits during the vegetative stage might result in differences in vine leaf area, leading to
different velocities in dehydration [49], which might also affect the relationship between Ψpd and both
PRI and WI measured at midday. Thus, the timing of occurrence and intensity of water deficits might
affect the relationships between PRI and WI and predawn water potential [13,45], whereas both PRI
and WI were reliable indicators of predawn water potential and photosynthetic functioning under
mild to moderate water deficits.
In spite of the variability in weather conditions (i.e., radiation, temperature, and VPD) during
data acquisition, ∆Tm was found to be negatively related to Ψpd (r2 = 0.37, p < 0.05). The correlations
between PRI and WI with ∆Tm were low, although significant, when data from both years were
pooled, which might be attributed to varying environmental conditions (leaf and VPD) during ∆Tm
measurements [36]. In 2010, in accordance with the observed responses at both the leaf (Figure 2) and
canopy (Figure 4) levels, PRI increased along with ∆Tm decreases, whereas WI decreased in parallel
with ∆Tm. The relationships of both PRI and WI against ∆Tm notably improved when considering
their respective normalized formulation (i.e., PRInorm and WInorm). Previous studies showed that PRI
might be affected by changes in canopy structure and might reflect changes in pigment composition
(i.e., chlorophyll to carotenoid ratios) as a result of leaf development, aging, or long-term stresses rather
than the epoxidation state [39,50,51]. On the other hand, differences in vegetative growth might also
affect WI values because the water content of vegetation responds to both leaf area and relative water
content [22,23]. In our study, there was a close correlation between ∆Tm and SIPI (r = 0.79, p < 0.01),
indicating larger carotenoid relative to chlorophyll content on more stressed vines [27]. In addition,
fIPAR was significantly related to Ψpd (r = 0.64, p < 0.05) suggesting an association between vine
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vigor and water availability. Thus, PRInorm, which accounts for variation in both canopy structure and
pigment composition [52], showed higher sensitivity than PRI to changes in ∆Tm. Similarly, WInorm,
which accounts for variation in both leaf area and chlorophyll content, was positively related to ∆Tm,
indicating that enhanced water status was associated with higher transpiration rates and, thus, lower
water content, in agreement with previous studies [13,40]. Contrastingly, the relationships between
PRI, WI, and Ψpd did not improve when reflectance indices were normalized, which highlights the
effects of varying canopy structure on vine water status at midday (when ∆Tm was determined).
Therefore, under the conditions of our study—where field data were acquired over two years on several
fields and during several days within a year—correcting for variation on canopy size and pigment
concentration effectively contributed to improving the performance of WI and PRI in estimating vine
water status [12]. In summary, in line with recent studies, our results show the capability of the
PRI [12,20,53] and WI [13,40,54], as well as their respective normalized formulations (i.e., PRInorm and
WInorm), in monitoring vine water status.
Under regulated deficit irrigation strategies, the ability to diagnose vine water status is crucial
since irrigation is normally scheduled under mild to moderate water deficits [3]. When comparing
water deficit conditions, significant differences occurred between moderate (Ψpd < −0.4 MPa) and
mild (Ψpd > −0.4 MPa) water deficits, in agreement with previous studies [44]. In accordance, PRI and
WI, as well as their respective normalized formulations, distinguished between mild and moderate
water deficits. Thus, PRI and WI were reliable as reference measures for irrigation management
when assessing vine water status at veraison and proved to work in a range expanding from mild to
moderate water stress, a common situation in field-grown grapevines, including those managed under
regulated deficit irrigation programs [41,42]. Moreover, the results herein reported are promising,
considering that these indices showed a lineal response in the range of water potentials found in this
study (Figure 5). However, since regulated deficit irrigation programs require recurrent assessment
of plant water status throughout the growing cycle, more studies are needed to assess the capability
of PRI and WI (or their corresponding normalized formulations) in estimating vine water status at
growth stages other than veraison prior to confirming their usefulness as practical tools for irrigation
scheduling in vineyards.
5. Conclusions
In the present study, the capability of WI and PRI in assessing water status in vines experiencing
mild to moderate water deficits was assessed. In irrigated vines, diurnal variation in stomatal
conductance was particularly sensitive to developing water deficits driven by changes in the leaf-to-air
vapor pressure deficit, suggesting that, in Xarel·lo vines, stomatal conductance might be a good indicator
of water status. The indices PRI and WI effectively tracked diurnal changes in the leaf-to-air temperature
difference. Similarly, due to the close dependence of net CO2 uptake on stomatal conductance observed
in our study, PRI and WI effectively tracked diurnal changes in light-use efficiency. Thus, PRI and
WI were feasible indicators of variation in photosynthetic functioning and transpiration (i.e., the
light-use efficiency and the leaf-to-air temperature difference) linked to stomatal regulation in response
to mild to moderate water deficits. At the canopy level, and despite ample variability in both weather
conditions between years and growing conditions among fields, differences in water availability
(i.e., Ψpd) were translated into differences in transpiration rates (i.e., the canopy-to-air temperature
differences, ∆Tm). Under these conditions, both WI and PRI provided consistent estimates of Ψpd.
Moreover, in accordance with the observed differences in predawn water potentials, both PRI and WI
effectively distinguished between mild and moderate water deficits levels. In addition, WInorm and
PRInorm, which accounted for long-term effects of water availability on canopy structure—namely leaf
area and chlorophyll content—were related to the canopy-to-air temperature difference. Therefore, PRI
and WI, as well as their normalized formulations PRInorm and WInorm, provided estimates of key water
stress indicators in vineyards within a range of mild to moderate water deficits. The capability of WI
and PRI in monitoring vine water status might be of great significance in the context of increasing
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irrigated viticulture areas, particularly those under regulated deficit irrigation, as potential tools to
support vineyard irrigation management. In this sense, the development of cost-effective methods
for image acquisition and analysis that are commercially available to farmers is needed to make
remote-sensing techniques operational for precision irrigation management.
Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4395/9/7/346/s1,
Table S1: Effects of mild (Ψpd > −0.4 MPa) and moderate (−0.4 MPa < Ψpd < −0.6MPa) water deficits on the water
index (WI), the normalized water index (WInorm), the photochemical reflectance index (PRI), and the normalized
photochemical reflectance index (PRInorm).
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